INTRODUCTION {#SEC1}
============

As sequencing technologies improve and become increasingly more affordable, the rate at which genomes are being sequenced and assembled is increasing. Even genomes which may previously have been deemed unattainable, for example due to size or repeat content, can now be sequenced and assembled within a reasonable time and financial budget. These advancements have led to new demands on algorithms processing the resulting reads. As a consequence, many different programs and pipelines have been developed to assemble (e.g. ALLPATHS-LG ([@B1]), Canu ([@B2])) and annotate (e.g. AUGUSTUS ([@B3]), MAKER ([@B4])) sequencing data. Thus, depending on the chosen programs and parameters, the resulting assembly and gene annotations may vary substantially. A correct quality assessment of the results is therefore critical. This helps to ensure a comparability and reliability of findings and avoids possible artefacts in downstream analyses due to the usage of low quality proteomes or transcriptomes.

One important factor for judging the quality of a proteome or transcriptome is its completeness score, indicating whether all proteins or transcripts have been annotated. A common approach to measuring the completeness of a sequence set is to compare it to proteomes of known high quality from closely related species. For this purpose, as a first step, a core set of conserved features (e.g. genes or domains that are shared across all included species) is extracted from the high-quality dataset. In a second step the conserved features are looked up in the novel sequence set. The amount of missing features from the conserved core set serves as an indicator for the completeness of the whole sequence set.

A high proportion of missing features indicates a potential problem with the generated data. The first programs utilizing this approach were CEGMA ([@B5]) and BUSCO ([@B6]), for which genes served as the conserved units. Both are also available as a web server, implemented from an independent group ([@B7]). Another recently published study uses a combination of conserved proteins and DNA fragments to assess the quality of fungal genomes ([@B8]). In contrast to the before mentioned programs, DOGMA ([@B9]) compares protein domains and domain arrangements as conserved elements.

Protein domains are conserved, functional or structural units, well suited for this purpose. The set of domains in one protein is called a domain arrangement, which is defined by the order of the domains in the sequence. Computationally, domains are usually modeled using Hidden Markov Models (HMMs) built from sequence profiles. Programs from the HMMER ([@B10]) or HHsuite ([@B11]) can be used to identify domains in unknown sequences. Although domains can be recombined to form new arrangements, the majority of them are conserved across a whole phylogenetic clade and can be used as molecular markers to evaluate the completeness and quality of a sequence set.

DOGMA {#SEC2}
=====

DOGMA compares a set of precomputed conserved domain arrangements (CDAs), the so called 'core set', to the proteome or transcriptome of interest. Absent domain arrangements are then determined and the completeness of the analyzed data is calculated (see Figure [1](#F1){ref-type="fig"}).

![Example use case and work-flow of DOGMA. A newly sequenced genome is assembled and annotated with proteins and domains. It is compared to a set of conserved single domains and domain arrangements extracted from a set of reference species. The completeness score then reflects the fraction of missing domains in the new annotation compared to the core set.](gkz366fig1){#F1}

DOGMA can be applied to proteomes as well as transcriptomes, which, due to inherent differences in the data, are processed in slightly different ways. For proteomes, the core set contains the number of conserved occurrences of a domain or domain arrangement and this number is included in the evaluation. In transcriptome mode, on the other hand, only presence or absence is checked. The proteome mode offers slightly more information but requires the sequence input to be isoform free. While this is unproblematic for proteomes (if necessary, isoforms can be easily removed to keep only the longest isoform), transcriptomes are usually not free of isoforms. In both modes, consecutive repeats of the same protein domain are collapsed into a single domain (e.g.: A-B-B-C → A-B-C) as it has been shown that a different number of repeats can occur even in closely related species ([@B12]).

Naturally, the composition of the core set heavily depends on the chosen reference species and therefore influences the calculated completeness score. Our precomputed core sets incorporate between five and six high-quality proteomes. CDAs are extracted from these proteomes, which are then used for measuring completeness scores for other proteomes. We consider a domain arrangement to be conserved when it appears in all species at least once and if the difference in number of duplicates is not higher than two. The greater the relatedness between species, the more common domain arrangements they possess. Therefore, a core set based on a set of closely related species is larger (and therefore potentially more accurate) than a set that is computed from less closely related species. However, a more specific core set can only be applied to a smaller set of species. For this reason, we have precomputed 11 core sets to cover various phylogenetic clades (eukaryotes, vertebrates, mammals, arthropods, insects, plants, eudicots, monocots, fungi, bacteria and archaea). It is recommended to always use the core set of the most specific clade containing the species of interest as this provides the most realistic assessment of the data although the score will potentially be lower compared to using a more general core set.

In the latest DOGMA version we have added a partial domain score. It has been shown ([@B13]) that partial domains (domains that were not annotated to the full length) are seldom a biological reality (e.g. due to a specific isoform, destroying that domain). More common is that a partial domain is an artefact, for example due to an assembly problem or a wrong gene annotation. To account for this, we have added the fraction of all domains that have a length of \<50% of the HMM that was used for their annotation. This calculation can be performed on all annotated domains and does not need any precomputed data. The partial domain analysis is therefore not limited to a specific subset. The partial score thereby provides a general score on all gene models in the dataset. While a low amount of partial domains is to be expected (due to biological reasons or the threshold settings of the HMMs) a high fraction of partial domains would indicate a possible problem with the annotated gene models.

To test its accuracy, we compared DOGMA to another quality assessment program, BUSCO (Figure [2](#F2){ref-type="fig"}). The comparison was based on a set of 153 eukaryotic species from the ENSEMBL database in version 94 ([@B14]) with the provided eukaryotes core set in both programs. From DOGMA the total score was taken, while for BUSCO the percentage of complete BUSCO's has been used. A calculated pearson correlation of 0.96 for these two scores shows a high agreement in the quality assessments of the analyzed data independent of the implemented method.

![Comparison of DOGMA and BUSCO quality scores. The quality estimations of both programs show a very high correlation, with a Pearson correlation coefficient of 0.96.](gkz366fig2){#F2}

BUSCO and DOGMA both address the problem of quality assessment and can be used side-by-side (e.g. ([@B15],[@B16])). Both have some advantages depending on the data to be analyzed. BUSCO is able to assess genomes as well, DOGMA on the other hand has an advantage when analyzing fast evolving species as HMMs are usually more sensitive and should be able to find the domains even if the sequences are already quite distant from the core set.

DOGMA WEB SERVER {#SEC3}
================

Implementation {#SEC3-1}
--------------

The web server is written in `Python 3` and uses the `Django` Web framework. The `Celery` software is used together with the `RabbitMQ` message broker system for the deployment of the queuing system. The violin plots are created using the Python plotting library `matplotlib`. `Apache` is used for the deployment of the web server.

Web server features {#SEC3-2}
-------------------

The web server, beside providing the actual quality scores, also compares the results to precomputed quality scores of other proteomes. This allows users to assess the quality of their tested data in relation to other species from the same phylogenetic clade (Figure [3](#F3){ref-type="fig"}). The comparative data contain DOGMA scores for a large number of species, mostly taken from the ENSEMBL ([@B14]) database. As there is no specific ENSEMBL data base for archaea, proteomes for this clade have been taken from the web page of the protein quality index ([@B17]).

![Comparison of the DOGMA score of the high-quality *Pan troglodytes* proteome (red dot) to 89 mammalian proteomes (violin plot). The dark blue line represents the median DOGMA score of the mammalian proteomes. In general, the better the quality of the analyzed data the higher should be the DOGMA score. The web server also computes a similar image for the partial score.](gkz366fig3){#F3}

Independent of the computation mode (proteome/transcriptome) used to calculate the DOGMA score, in the violin plots the result is always compared to data based on the proteome mode. We made this decision as proteomes are generally more complete than transcriptomes, as they are independent of tissue specificity. If the user wants to compare a tissue specific transcriptome to other comparable samples, the stand-alone DOGMA version still offers the possibility to test against self-made core sets.

Furthermore, the web server provides general statistics about the input (e.g. number of domains and domain arrangements) as well as graphical representations of the missing CDAs in the dataset. The missing CDAs are sorted by size and, in the proteome mode the number of missing arrangements is also provided. The domains are hyperlinked to the Pfam ([@B18]) database allowing the user, with one mouse click, to obtain further information on the missing domains and their functionality (Figure [4](#F4){ref-type="fig"}).

![Example listing of missing CDAs of length three from the *Pan troglodytes* proteome quality assessment. The output shows the number of CDAs found compared to the expected number. CDAs which were found in the expected number of occurrences are not displayed. Domains are links to the Pfam database, allowing the user to obtain further information on the function of the missing domains.](gkz366fig4){#F4}

Use case {#SEC3-3}
--------

A typical use case for DOGMA is when a new genome or transcriptome has been sequenced and annotated. In this case its quality needs to be verified to ensure its suitability for further analyses. Another scenario is when analyzing/comparing several proteomes. If the proteomes are of different quality this might affect the analysis and results in technical artefacts. In both cases the quality of the proteome/transcriptome should be checked with DOGMA before any downstream analyses take place, to ensure reliability of further findings.

The following list is a description with more detailed steps of the first use case: assemble and annotate genome using the chosen pipelineremove short isoforms if necessary (proteome mode)annotate sequences with Pfam domains (e.g. using `pfam_scan.pl` provided by the Pfam database)run DOGMA to perform a quality assessment of the proteome/transcriptomedepending on the completeness and partial scores improve the annotation and reassess the quality. The annotation might be improved using additional RNA-seq data, changing the used parameters or software. One might additionally want to check the genome assembly for problems, which can be done using a software like BUSCO.given a good quality of the annotation continue with downstream analyses

CONCLUSION {#SEC4}
==========

The DOGMA web server allows a user to assess the completeness of a proteome or transcriptome. Furthermore, the partial score can provide information about the quality of the existing gene models, without being limited to a specific conserved gene set, an advantage compared to other existing analysis tools. Additionally, the web server provides a direct graphical comparison against other species. The web server allows a fast and easy use of DOGMA without the need to install it or knowledge about how to use the command line. It also provides additional information and links to the Pfam database allowing a user to quickly and easily obtain additional information on the missing domain arrangements.

We thank Mark Harrison for proof reading and improving the manuscript. We would also like to thank all the testers of our web server for their valuable feedback.

FUNDING {#SEC6}
=======

Funding for open access charge: Publication charges will be paid from the household funds of the principal investigator.

*Conflict of interest statement*. None declared.
